Introduction ''Cellular senescence'' (or merely ''senescence'') is a special form of durable cell-cycle arrest that serves to prevent cancer in mammals. While cellular senescence has become critical to the scientific underpinning of cancer biology and aging research, the concept has been consistently undervalued since its original description. The discoverer of senescence, Dr. Leonard Hayflick, had early difficulty with peer review. The 1961 letter rejecting his first manuscript on the topic was signed by no less than Peyton Rous, winner of the 1966 Nobel Prize for his discovery of tumor viruses. Despite the widespread replication of Hayflick's findings, skeptics would argue for decades that senescence was an in vitro artifact, of little relevance to in vivo biology. However, recent findings have established a clear role for cellular senescence in certain physiological and pathological states. Admittedly, issues related to the definition and heterogeneity of senescent cells in vivo remain (Sharpless and Sherr, 2015) , but the confirmed predictions regarding health and disease afforded by our modern understanding of senescence have become too important for even committed skeptics to discount.
Cellular senescence is a stress-induced, durable cell-cycle arrest of previously replication-competent cells. While the term initially described the finite proliferative capacity of cultured normal human fibroblasts (Hayflick and Moorhead, 1961) , cells with features of senescence were later discovered in vivo, with the number of such cells increasing with age in mammalian species including humans (Dimri et al., 1995; Krishnamurthy et al., 2004; Liu et al., 2009a; Melk et al., 2004) . The hallmarks of senescent cells have been reviewed (Campisi, 2013; Childs et al., 2015; Sharpless and Sherr, 2015) , but to summarize, senescent cells are characterized by a set of core features including durable growth arrest, expression of anti-proliferative molecules (e.g., p16
INK4a ), and activation of damage sensing signaling pathways (e.g., p38 MAPK and nuclear factor kB [NF-kB]) resulting in expression of a number of senescence-associated transcripts ( Figure 1 ). This growth arrest of formerly replication competent cells is often triggered by persistent DNA damage response (DDR) or stress signaling and executed by constitutive activation of the p16 INK4a -RB (retinoblastoma) and/or p53 pathways (Campisi, 2013; Childs et al., 2015; Muñ oz-Espín and Serrano, 2014) . While senescent cells are hyporeplicative, they are metabolically active (Dö rr et al., 2013) and often capable of performing functions of the replication-competent cells from which they derive.
Activation of the CDKN2A locus, producing p16 INK4a and ARF, is observed in most senescent cells and may play a causal role in their growth arrest. The CDKN2A locus is repressed in most normal tissues, becoming activated only at times of tissue damage or cellular stress. In young healthy organisms, therefore, expression of p16 INK4a is low or undetectable, but its expression increases exponentially in most tissues with aging (Krishnamurthy et al., 2004; Zindy et al., 1997) . This extreme dynamic range and strong association with senescence has made activation of the p16 INK4a promoter the preferred genetic tool for in vivo studies (Baker et al., 2011; Burd et al., 2013; Demaria et al., 2014; Yamakoshi et al., 2009 ). Senescent cells often exhibit increased lysosomal b-galactosidase activity that is responsible for the characteristic senescence-associated b-gal (SA-b-gal) staining near neutral pH and secrete cytokines with potent effects. This suite of pro-inflammatory cytokines is referred to as the senescence-associated secretory phenotype (SASP) (Coppé et al., 2008) . While SASP cytokines may differ from cell type to cell type, their production largely depends on stress-induced NF-kB and p38 MAPK signaling (Chien et al., 2011; Freund et al., 2011; Kang et al., 2015) and is regulated by mechanistic target of rapamycin (MTOR)-dependent protein translation (Herranz et al., 2015; Laberge et al., 2015) . Several other features of cellular senescence have been reported (Figure 1 ), but, while of great biological interest, none are reliable for the in vivo recognition of senescent cells. A significant hindrance to the field has been this lack of a ''magic marker'' of senescence for in vivo identification, but likely no single such marker exists (Sharpless and Sherr, 2015) .
Senescence Is a Distinct Form of Growth Arrest
It is important to differentiate senescence from other forms of cellcycle arrest. While all types of growth arrest are characterized by the presence of active, hypophosphorylated RB-family members, these arrests differ significantly in their durability, associated features, and mechanisms of initiation and/or maintenance (Table 1) .
''Quiescence'' is the process where a replication-competent cell undergoes reversible cell-cycle arrest in response to mitogen deprivation, contact inhibition, etc. Like senescent cells, quiescent cells are non-dividing and maintain the identity of the previously cycling cell, but the key distinction is that quiescent cells can re-enter the cell cycle when favorable growth conditions are restored.
''Terminal differentiation'' describes the developmentally programmed process through which undifferentiated precursors generate specialized effector cells. While terminal differentiation is usually accompanied by permanent withdrawal from the cell cycle, unlike senescence, cells undergoing terminal differentiation often exhibit functional and morphological changes, losing their original cellular identity. Terminal differentiation is most often developmentally specified, whereas senescence has been thought of as a stochastic response to cellular damage. This latter distinction has become less well demarcated with the appreciation that senescence plays a role in embryogenesis (Muñ oz-Espín et al., 2013; Storer et al., 2013) , whereas exogenous stress can drive somatic stem cells to undergo terminal differentiation (Inomata et al., 2009; Matatall et al., 2016; Wang et al., 2012) .
''Exhaustion'' is a term applied to two distinct types of cellular hypofunction. In T lymphocytes, it refers to a form of growth arrest observed after prolonged antigenic stimulation. This hyporeplicative state differs from senescence by demonstrating increased expression of cell-surface markers such as PD1, TIM3, and LAG3 (Akbar and Henson, 2011; Crespo et al., 2013) and by being reversible, for example, by blocking PD1 activation. Exhaustion can also be used in the context of somatic stem cells, generally occurring after excessive proliferation as a result of physiological aging or stress (Ruzankina and Brown, 2007) . Unlike senescence, exhausted stem cells remain capable of proliferation and self-renewal but exhibit defective lineage specification and/or reduced ability to generated progeny.
Cellular Senescence Is a Regulated Response to Stress
Although senescence can occur in many different settings, it generally involves a replication-competent cell receiving a promitogenic signal with simultaneous, persistent anti-proliferative signals (Demidenko and Blagosklonny, 2008; Takahashi et al., 2006) . For example, high-level RAS signaling is thought to induce senescence by providing a concomitant MAPK-dependent proliferation signal while also activating the CDKN2A locus via ''replication stress'' in the same cell. Other signals thought to induce senescence include telomere dysfunction, oxidative stress, changes in chromatin architecture, mitochondria dysfunction, mitotic stress, and proteotoxicity (Childs et al., 2015; Muñ oz-Espín and Serrano, 2014; van Deursen, 2014) . It is unclear whether these different stresses induce senescence through a common biochemical structure or via distinct mechanisms.
Senescence is initiated as a response to a cellular insult, leading initially to a transient cell-cycle arrest, usually via p53 activation and expression of its downstream mediators (e.g., p21 CIP1 ). If the precipitating stress is transient, senescence usually does not occur, and the cell can resume cycling upon resolution of the stress. In cultured cells, the onset of irreversible senescence requires a prolonged period (>4 days) of stimuli driving the cell both to divide and not to divide (Chen et al., 2002; Dai and Enders, 2000) . With stressors that persist, activation of the CDKN2A locus occurs, enforcing a durable growth arrest. Interestingly, in this latter phase, p53 signaling may decline despite persistent DNA damage, combined with decreased p21 CIP1 (Stein et al., 1999) . Therefore, while p21 CIP1 may participate in the initiation of senescence, it is not required for the most important aspect of senescence: the durable nature. This persistence can be further enforced by heterochromatization of E2F targets (Narita et al., 2003) , effects of SASP cytokines (Acosta et al., 2008 (Acosta et al., , 2013 Coppé et al., 2008) , self-inflicted DNA damage signaling (Passos et al., 2010) , and/or degradation of nuclear lamina and chromatin (Dou et al., 2015; Ivanov et al., 2013) . It is worth noting, however, that the absolute durability of this (Souroullas and Sharpless, 2015) .
Recently, it has also become clear that senescent cells actively suppress apoptosis (Childs et al., 2014) . For example, navitoclax, an inhibitor of the anti-apoptotic BCL2, BCL-W, and BCL-XL proteins, specifically induces apoptosis of senescent cells and decreases the burden of senescent cells in mice (Chang et al., 2016; Zhu et al., 2016) . This feature of senescent cells has proved key to their targeting for therapeutic intent in vivo.
Kinetics of Senescence Accumulation In Vivo
The rate of senescent cell accumulation is not linear throughout the organismal lifespan but accelerates with aging, as evidenced by an exponential increase in the expression of some markers of senescence (i.e., telomeric foci, p16
INK4a ) (Herbig et al., 2006; Liu et al., 2009a) . It is thought this does not reflect a global increase in the per cell expression of these markers with aging, but rather an increase in the total number of senescent cells in aging tissues (Helman et al., 2016; Herbig et al., 2006; Wang et al., 2009) . The exponential accumulation of senescent cells with age can result from an increase in senescent cell production and/or a decrease in their clearance (Figure 2 ). There is evidence that senescent cells can be cleared under physiological conditions. Lowe and colleagues showed that senescent hepatic cells can be efficiently cleared through an immune response (Kang et al., 2011; Xue et al., 2007) . Likewise, cells with senescent features that are generated at the site of a UV-induced skin burn (unpublished data) or a cutaneous wound (Demaria et al., 2014 ) rapidly disappear after injury, which may reflect immunologic clearance. One hypothesis, therefore, suggests that a reason for the sharp increase in senescent cells with aging reflects a precipitous decline in the clearance of senescent cells in aged organisms, likely reflecting an age-related decline in immune function (Muñ oz-Espín and Serrano, 2014). While this model has appeal, there are examples of very longlived senescent cells in vivo. For example, DNA damaging agents increase the burden of senescent cells in young mammals (Chang et al., 2016; Demaria et al., 2017) , and the long-term accumulation of radiation-induced senescent cells in the mouse appears independent of immune status (Le et al., 2010) . Likewise, young adult women cured of breast cancer through treatment with cytotoxic chemotherapy exhibit increased expression of markers of cellular senescence for decades after chemotherapy (Sanoff et al., 2014) . Last, cutaneous nevi, where would-be cancer cells undergo oncogene-induced senescence, can persist for an entire adult lifespan. Therefore, while there is evidence for clearance of senescent cells under some settings, there are also examples of senescent cells persisting for decades.
Roles of Senescence in Health and Disease
It is important to recognize that the organismal effects of senescence in specific contexts are pleiotropic. Although an imperfect INK4a promoter is seen within 2-3 days of tissue wounding, peaks between 4 and 7 days, and then resolves over 2-3 weeks (Demaria et al., 2014; Sorrentino et al., 2014a) . In addition to p16 INK4a expression, cells with other features of senescence-NF-kB activation and expression of SASP cytokines-are observed at sites of wounding and appear important for optimal healing, as clearance of p16 INK4a -expressing cells delays healing Demaria et al., 2014 The rate at which senescent cells accumulate increases with aging. This may reflect an increased rate of senescent cell production due to changes in DNA repair, telomere dysfunction, and/or decreased senescent cell clearance by immune system. It has also been suggested that senescent cells can induce the formation of other senescent cells in a paracrine manner.
Gudkov and colleagues have recently suggested that some p16
INK4a -expressing cells localizing to tissue injury are specialized macrophages recruited by inflammatory cues. Beads that elaborate SASP components attract macrophages, which show some features of senescence (e.g., SA-b-gal and p16
INK4a expression) (Hall et al., 2016) . It is likely that some bone-marrow-derived cells found in nascent neoplasms or after UV injury are also p16
INK4a -expressing macrophages (Burd et al., 2013; Sorrentino et al., 2014a) , and these cells may accumulate with aging. It is unclear whether these infiltrating cells are pre-existing senescent macrophages or are macrophages induced to senesce by the SASP cytokines; it is also unclear whether these cells are indeed ''senescent'' (i.e., SASP expressing, long lived, and persistently hyporeplicative) or they merely represent a transient response to injury. It is clear, however, that many non-macrophage cell types (e.g., melanocytes, pancreatic b cell, adipocytes, T cells) do undergo senescence as a means to prevent malignant conversion and accumulate with aging. Tumor Suppression Cellular senescence is best known as a cell-intrinsic mechanism to prevent neoplastic transformation. As the role of senescence in cancer prevention is familiar (Childs et al., 2015; Muñ oz-Espín and Serrano, 2014; Pé rez-Mancera et al., 2014; Sherr, 2004) , we won't discuss this function of senescence other than to make one relevant point: cellular senescence is more important than forms of cell death for tumor suppression in mammals. For example, mice with major defects in apoptosis are not markedly predisposed to neoplasia (Lindsten et al., 2000) , whereas even subtle perturbations of the senescence machinery dramatically influence cancer susceptibility. Mice with loss of a single copy of Trp53 or p16 INK4a are tumor prone (Donehower et al., 1992; Sharpless et al., 2001) , while mice bearing an extra copy of either gene are cancer resistant (García-Cao et al., 2002; Matheu et al., 2004) . Genome-wide analyses have demonstrated that loss of p16 INK4a and/or p53 function is the most common genetic event in human cancers, with perhaps all cancers harboring events that disrupt senescence (Beroukhim et al., 2010; Kandoth et al., 2013) . Even in the case of p53, a protein capable of initiating apoptosis or senescence, its ability to prevent cancer predominantly depends on the induction of senescence (Brady et al., 2011; Liu et al., 2004; Sluss et al., 2004) . Since apoptosis is older in evolutionarily terms, the rise of senescence as the major mammalian tumor suppressor mechanism suggests it has evolutionary advantages over apoptosis, for example, in the handling of damaged cells. Unlike apoptosis, which irrevocably removes cells, senescence arrests these cells in a functional but non-dividing state. Apoptosis reduces clonal diversity, which is undesirable in situations where population diversity is essential for proper physiological function. For example, senescent memory T lymphocytes carry essential information of past infections and apoptotic death of these cells results in the loss of that memory. Consistent with this notion, senescent T cells exclusively exhibit a differentiated effector memory phenotype, showing elevated cytotoxicity and enhanced cytokine secretion compared to naive T cells (Akbar and Henson, 2011) . Also, cells censored through apoptosis may need to be compensated by hypertrophy of remaining cells or replaced through increased proliferation of somatic stem cells. Hypertrophy has been associated with tissue dysfunction in many organs (e.g., heart), while increased stem cell proliferation can deplete their limited replicative potential, leading to stem cell exhaustion (Ruzankina and Brown, 2007) . Finally, senescent cells may provide an important local but persistent signal of oncogenic stress and thereby facilitate cancer cell immune surveillance. This evolutionary preference of senescence over cell death for tumor suppression merits careful consideration given therapeutic efforts to destroy senescent cells (''senolysis''), which in effect seek to convert senescent cells to dead ones. Host Immunity Senescence plays complex roles on both cellular and innate immunity. T cells in old organisms express high levels of p16 INK4a as well as a subset of SASP factors, and T cell senescence with aging or chronic HIV infection has been suggested to lead to a loss of diversity in the T cell repertoire and immune aging (Chou and Effros, 2013) . In contrast, given that certain viruses depend on host cell proliferation for viral replication, it has also been postulated that cellular senescence may have evolved as a host anti-viral defense (Reddel, 2010) . Viral infection can induce cellular senescence directly via inducing cell fusion (Chuprin et al., 2013) or DNA damage , and perhaps indirectly via prolonged cytokine signaling (e.g., interferons and tumor necrosis factor [TNF] ) with the induction of nearby ''paracrine'' senescence (Acosta et al., 2013; Coppé et al., 2008) . It has been shown that the replication of certain viruses is impaired in senescent cells (Baz-Martínez et al., 2016), Senescence affords tumor suppression in a cell-intrinsic manner and perhaps also by augmenting local anti-tumor immunity. The activation of the CDKN2A locus appears to limit the size of atherosclerotic plaques, thereby reducing anatomic obstruction. Senescence resulting from p21 CIP expression during embryogenesis may be required for certain aspects of fetal development. Senescence contributes to wound healing and host immunity. and senescent cells can recruit innate immune cells that might prevent the further spreading of a viral infection. To defeat senescence mechanisms, certain viruses produce oncoproteins (e.g., E6/7 [human papilloma virus], E1A/B [adenovirus] , and large T antigen [polyomavirus] ) to inhibit the RB and/or p53 pathways. Therefore, senescence has been argued to provide a direct barrier to certain types of infection (e.g., by limiting host cell proliferation) and as a means to activate innate immunity but may compromise cellular immunity with aging or chronic infection. Atherosclerosis In addition to the suppression of neoplastic proliferation, senescence may play a role in the suppression of other types of detrimental proliferation. For example, increased expression of the CDKN2A/B (encoding p16
INK4a , ARF, and p15 INK4b ) locus has been associated with reduced susceptibility to atherosclerotic vascular disease (Harismendy et al., 2011; Liu et al., 2009b) . In fact, regulatory polymorphisms of the CDKN2A/B locus, discovered by genome-wide association studies (GWASs), appear to be the strongest common determinant of atherosclerotic disease in the human genome (Holdt and Teupser, 2012 INK4a that confer increased risk to melanoma are also associated with an enhanced capacity for pancreatic insulin secretion (Pal et al., 2016) . Indeed, recent work has suggested that a very high frequency (>50%) of b cells from aged humans or mice exhibit features of senescence (Helman et al., 2016) . Further complexity to this model, however, has been suggested by the finding that, on a per-cell basis, senescent b cells secrete considerably more insulin than non-senescent b cells, and islets from old mice have increased glucose-stimulated insulin secretion compared to young islets. To make matters even more confusing, it has also been suggested that increased Cdkn2a expression might increase peripheral sensitivity to insulin through an effect on muscle or liver (Gonzá lez-Navarro et al., 2013). Therefore, senescence may influence diabetes predisposition by an effect on b cells, as well as effects on tissue insulin resistance. Fatigue A recent development relates to chemotherapy-induced fatigue (asthenia), an important and often durable side effect of treatment for cancer. Campisi and colleagues studied the role of senescent cells in the toxicities of cytotoxic chemotherapy by inducing senescence in murine tissues using a variety of DNA damaging chemotherapy agents. When these senescent cells were cleared, several side effects of chemotherapy were ameliorated. In particular, animals that had undergone senolysis were less fatigued, recovering activity levels to that of untreated mice (Demaria et al., 2017) . In accord with these murine findings, women with breast cancer and higher levels of a peripheral blood marker of senescence prior to chemotherapy were nine times more likely to experience chemotherapy-induced asthenia than women demonstrating low levels of this senescence marker (Demaria et al., 2017) . Although older patients are at greater risk for asthenia, the predictive effect of the senescence biomarker in this cohort was independent of patient age. These results suggest that an increased total body burden of senescent cells may cause fatigue.
Other Age-Related Disease Beyond the aforementioned, senescence has been argued to contribute to other age-related phenotypes. This includes disparate associations with hair graying, sarcopenia, adiposity, neurogenesis, fibrosis, and glaucoma (reviewed in Campisi, 2013; Childs et al., 2015; Jeck et al., 2012; Muñ oz-Espín and Serrano, 2014; van Deursen, 2014) . The evidence linking senescence to these diverse pathologies generally consists of the following:
1. Senescence markers accumulate in relevant tissues with aging. Expression of several senescence markers (e.g., p16 INK4a , dysfunctional telomeres, SASP cytokines) increase markedly with aging in cells linked to these pathologies. For example, loss of neural or muscle stem cell function with aging is thought to contribute to reduced neurogenesis and sarcopenia, respectively, and such cells strongly express p16
INK4a with aging (Molofsky et al., 2006; Sousa-Victor et al., 2014 (Janzen et al., 2006; Krishnamurthy et al., 2006; Liu et al., 2011; Molofsky et al., 2006; Signer et al., 2008; Sousa-Victor et al., 2014) . Likewise, excess activation of p53 has been suggested to contribute to a variety of progeroid phenotypes in murine models (Maier et al., 2004; Tyner et al., 2002) . 3. Maneuvers to modulate the abundance of senescent cells affect age-related phenotypes. A few means to accelerate or retard the production of senescent cells have been described in vivo. For example, ''gerontogenic'' exposures such as tobacco use or cytotoxic chemotherapy appear to augment the production of senescent cells in humans or mice (Liu et al., 2009a; Sanoff et al., 2014; Sorrentino et al., 2014a) . Likewise, a few groups have shown that certain growth factors or signaling molecules can delay the expression of senescence markers with aging and thereby provide a functional resistance to chronological aging (Berent-Maoz et al., 2012; Chen et al., 2011) . Perhaps some of the strongest evidence linking senescent to aging pathology comes from experiments demonstrating that the ''senolytic'' clearance of senescent cells can reduce age-related phenotypes.
These data notwithstanding, there has been skepticism as to whether senescent cells could really wreak such havoc in an old organism. Specifically, senescent cells are challenging to identify in vivo (Sharpless and Sherr, 2015) , and disparate studies have suggested that at most only a small percentage of replication-competent cells are senescent in a given tissue of an elderly person. Given that the vast majority of cells in tissue from an aged host would remain functional, could such a small fraction of cells undergoing senescence cause disease? We believe it could, given the mechanisms by which senescent cells can effect pathology (Figure 4) . While not all tissues exhibit high frequencies of senescent cells, even if senescence occurred in only 1%-5% of cells with advanced age in the tissues that do demonstrate substantial senescence (e.g., T cells, b cells, adipose, kidney, etc.), this would be a massive number of dysfunctional cells. Consider that even very small tumors can produce dramatic paraneoplastic syndromes via the production of specific cytokines, and it seems clear that a much larger number of senescent cells could exert a substantial effect on host physiology. Moreover, if the small number of cells that undergo senescence are of a particularly important fraction of cells, then the loss of function of these cells could have an outsized effect on tissue integrity and function. For example, early lymphoid progenitors comprise a rare minority of hematopoietic precursors and appear to lose replicative function with aging in a CDKN2A-dependent manner (Berent-Maoz et al., 2012; Signer et al., 2008) , but the loss of this miniscule subset of cells may have prodigious effects on the entire adaptive immune system.
Translating Senescence
The association of senescence with disease states suggests several means to translate these findings for therapeutic benefit. First, since humans are genetically heterogeneous with regard to the regulation of senescence, humans with different ''set points'' to activate senescence should differ in their susceptibility to diseases of aging. Second, if senescent cells cause aging-related pathology, then the measurement of senescent cells in an individual should provide information independent of chronological age related to that individual's risk for age-related disease. Finally, if senescent cells are harmful, then the clearance of senescent cells should produce benefits. Set Points It is non-controversial that key mediators of senescence (e.g., telomerase, p16
INK4a , RB, p53) play a critical role in human susceptibility to a common disease of aging: cancer. While null alleles of these senescence mediators in the heterozygous state yield high-penetrance cancer syndromes, it is now clear that even subtle perturbations of the senescence machinery influences human cancer risk. For example, GWASs and candidate analysis have identified non-coding regulatory polymorphisms near the CDKN2A locus that affect the lifetime risk of melanoma, pancreatic cancer, leukemia, and glioma. Therefore, humans with differing set points to activate the senescence machinery differ in their susceptibility to neoplastic disease. Beyond cancer, however, there are also strong unbiased genome-wide data linking senescence to a wide range of other common age-associated human diseases. This topic has been reviewed (Childs et al., 2015; Jeck et al., 2012; Muñ oz-Espín and Serrano, 2014) , but, in brief, CDKN2A/B has been associated through GWASs with various types of atherosclerotic disease (myocardial infarction, stroke, aortic aneurysm), type 2 diabetes, glaucoma, and endometriosis. Likewise, TERT, the regulatory subunit of telomerase, has been associated with several cancers and pulmonary fibrosis, a common feature of pulmonary aging. These results are supported by examinations of non-malignant disease in individuals with congenital alterations in senescence regulation. For example, telomerase-deficient humans demonstrate an excess incidence of some agerelated phenotypes: pulmonary fibrosis, emphysema, graying, bone marrow hypoplasia, and cirrhosis (Armanios and Blackburn, 2012) , suggesting the premature activation of senescence in such individuals causes some aspects of aging. Estimating Risk of Age-Associated Disease A robust and precise theory of aging should provide a means to measure age, and the notion that aspects of aging are caused by the accumulation of senescent cells has provided hope in this regard. Specifically, we believe an organism's ''molecular age'' can be estimated by measuring the total-body burden of senescent cells. This notion of molecular age should in turn prove ''useful'' in some clinical sense; that is, knowing an organism's molecular age should predict its susceptibility to certain disease or likelihood of recovering from a given insult. While work in model organisms suggests this association is valid, the measurement of senescence in humans has proved challenging. There have been long-standing efforts related to two potential markers of senescence-the elaboration of cytokines (e.g., of interleukin-6 [IL-6], a canonical SASP component) and telomere dysfunction-and the merits and faults of these approaches are reviewed elsewhere (Matjusaitis et al., 2016; Sharpless and Sherr, 2015; Sorrentino et al., 2014b) . More recent work suggests that measurement of expression of the CDKN2A locus may be useful in this regard. One area of exploration has been renal transplantation, where an important problem is that organs from older donors generally function less well when transplanted. Since there is a shortage of donor kidneys, there is interest in using kidneys from older individuals, and therefore markers (Liu et al., 2009a) . Therefore, in order to determine senescence in a non-invasive manner on large numbers of individuals at low cost, we have relied on p16
INK4a expression in peripheral blood T lymphocytes (PBTLs) (Liu et al., 2009a; Rosko et al., 2015; Sanoff et al., 2014 Demaria et al., 2017) , and ongoing large clinical trials are exploring the utility of this marker of molecular age in other clinical settings. In addition to markers of senescence, other promising biomarkers of molecular age have been proposed such as changes in DNA methylation (Hannum et al., 2013; Horvath, 2013) , which strongly correlate with chronological age. It is currently unclear whether alterations in DNA methylation carry related or independent information to markers of senescence with regard to physiological age. Clearing Senescent Cells to Treat Aging-Related Pathologies In 2011, Van Deursen and colleagues employed a genetic approach to study the benefits of eliminating senescent cells from progeroid mice (Baker et al., 2011) , followed by similar experiments in normally aged mice . These experiments employed a transgenic strain that expressed an inducible dimerizable caspase-8 under the control of a fragment of the p16 INK4a promoter. In this strain, p16 INK4a -expressing cells were selectively killed by the systemic administration of a small molecule. Using this model, the authors showed strong effects of senolysis in old animals, which have been confirmed employing similar genetic strains (Chang et al., 2016) , as well as through pharmacological approaches (Chang et al., 2016; Roos et al., 2016; Zhu et al., 2015 Zhu et al., , 2016 .
To date, the clearance of senescent cells has been suggested to benefit several areas of pathology. For example, glomerulosclerosis and decline in renal function in aged mice are rescued by clearance of p16
INK4a -expressing senescent tubular brushborder epithelial cells, whereas senolysis of ciliated epithelial cells and fibroblasts in the pericardium reduces age-related cardiomyocyte hypertrophy and improves cardiac stress tolerance . Likewise, navitoclax-mediated senolysis ameliorates the aging-related functional decline of hematopoietic and skeletal muscle stem cells (Chang et al., 2016) , and clearance of senescent intimal foam cells attenuates the pathologies of atherosclerosis at all stages of pathogenesis . Senescent cell clearance also delays the onset of multiple types of cancer and extends the murine lifespan . These observations suggest several questions. First, if there is physiological clearance of senescent cells in healthy organisms, can this natural senolysis be beneficially augmented? It is thought the clearance of senescent cells can result from the activity of both adaptive and innate immunity, the latter resulting from the increased expression of ligands (e.g., NKG2D) on senescent cells that target them for selective killing by natural killer (NK) lymphocytes (Sagiv et al., 2016) . Therefore, mechanisms to augment cellular immunity or NK function might be therapeutically beneficial in some settings.
Additionally, can senolysis be accomplished for therapeutic purposes in humans? In some ways, this question is reminiscent of a fundamental issue in cancer research: can one identify a target that can be inhibited in an undesirable target cell without toxicity to healthy cells. A key difference between cancer therapy and senolysis, however, is that senescent cells are not genetically unstable, and therefore resistance to senolytics may not develop with the same rapidity seen with many cancer therapeutics. The finding of small molecules that accomplish clearance of senescent cells with therapeutic benefit in mice suggests such human agents may be within reach.
A Path to Senolysis in Humans
To date, the most promising targets of would-be senolytics seem to be inhibitors of pro-survival BCL proteins, given the need of senescent cells to suppress apoptosis to survive (Chang et al., 2016; Yosef et al., 2016) . This class of agents had undergone extensive testing in humans with chronic leukemia, leading to the FDA approval of venetoclax, a selective BCL2 inhibitor. Venetoclax is not a potent senolytic in vitro, whereas the related molecule, navitoclax, is one of the strongest senolytics described. Navitoclax inhibits BCL2, BCL-XL, and BCL-W, suggesting senolysis requires inhibition of a broader spectrum of anti-apoptotic effectors than BCL2 alone. Lamentably, navitoclax use in humans has been limited by on-target thrombocytopenia (Vogler et al., 2011) , and therefore the use of this agent for systemic senolysis would not be straightforward. It is possible, however, that broad-spectrum BCL proteins inhibitor could be adapted for senolysis in humans with acceptable toxicity through new approaches in formulation, delivery (e.g., intraarticular, inhalation) or administration schedule.
It is worth discussing how a senolytic might be developed clinically. Even if one were to stipulate that a good agent to effect senolysis can be developed, the clinical development path of such a compound is not simple. First, any such agent would require a marker of in vivo effect (i.e., a pharmacodynamic assay), and, given the challenges of defining senescent cells in vivo, this is not a trivial concern. Additionally, the initial indication for a senolytic is unclear. Since such agents might induce toxicity, their use for conditions of minimal morbidity would be challenging. The ideal condition would be highly symptomatic, common, and where the use of senolytics would pose the least risk. Finally, what might be the toxicity of a successful senolytic? Even if such an agent had few off-target effects, the on-target toxicity could be formidable. The cancer experience has taught us that the acute toxicity of simultaneously clearing a burden of dysfunctional cells can be severe. For example, ''tumor lysis syndrome'' is a feared complication of effective cancer therapies, where the rapid, simultaneous death of cancer cells causes renal injury and metabolic abnormalities. Additionally, since senescent cells appear to play a role in wound healing, it is possible that acute senolysis could impair wound healing in some tissues. This type of toxicity is already observed in humans treated with anti-angiogenic agents or high-dose corticosteroids, and that experience has suggested that impaired wound healing, especially in older patients, can be significant. Furthermore, a theoretical concern relates to the evolutionary rationale for senescence. If a key function of senescent cells is to carry on functions of the normal, non-senescent tissue, their sudden clearance could adversely affect organ function. For example, Ben Porath and colleagues have shown that a high fraction (>50%) of pancreatic b cells express p16
INK4a and other markers of senescence, while remaining functional (i.e., secreting insulin) (Helman et al., 2016) . If a senolytic led to the death of these cells, such a rapid loss of b cell mass could lead to significant defects in glucose handling. Last, if a function of senescent cells is to occupy certain niches thereby decreasing the need for somatic stem cell proliferation, then the clearance of senescent cells might impose a proliferative burden on somatic stem cells to fill unoccupied niches post-senolysis. Excess stem cell proliferation, however, can lead to stem cell exhaustion and is clearly oncogenic. Despite these concerns, we believe therapeutic trials of senolytics are possible, especially if the initial focus is on conditions that are highly morbid, and by prioritizing local as opposed to systemic administration. It is further reassuring that transgenemediated senolysis in mice affords benefits without significantly affecting parenchymal tissue function, suggesting senescent cells may not be key for maintaining essential tissue function Conclusions and Future Directions Cellular senescence provides clear benefits to the host manifesting as a reduced incidence of cancer and certain other diseases characterized by excess proliferation, as well as enhanced wound healing. However, the accumulation of senescent cells with aging causes host toxicity, manifesting as a decreased ability to recover from insult and increased susceptibility to certain age-associated diseases.
This model makes important predictions. In particular, it suggests an explanation for the linkage, through GWASs, of the CDKN2A/B and TERT loci to a variety of important human diseases, particularly those associated with aging. Additionally, the ability to measure the burden of senescent cells in vivo could provide a measure of ''molecular age,'' making it possible to predict which organisms of a given chronologic age are most likely develop certain types of pathology. Also, it would provide a means to understand whether environmental exposures are age-promoting (i.e., ''gerontogenic,'' like inhaled tobacco [Sorrentino et al., 2014a]) or anti-aging (like exercise). Finally, the hope of addressing certain common disease states through the controlled clearance of senescent cells holds particular translational appeal. Senolysis provides an alternative to the traditional prevention paradigm of ''anti-aging therapy''-lifestyle or pharmacological maneuvers to slow the onset of age-induced decrepitude. The prevention paradigm, however, poses substantial problems from a clinical investigation point of view (e.g., long trial times and intolerance of toxicity). Therefore, it is exciting that this evolving notion of the role of senescent cells in human disease suggests a therapeutic approach to agerelated pathologies: pharmacologic or immunological means to clear accumulated senescent cells. Such therapeutic trials are simpler from a clinical trials point of view yet provide hope for a means to revert the toxicities that result from the accumulation of an overwhelming burden of senescent cells during a human lifespan.
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